The time-dependent transport through single-molecule magnets (SMM) coupled to magnetic or non-magnetic electrodes is studied in the framework of the generalized Master equation (GME) method. We calculate the transient currents which develop when the molecule is smoothly coupled to the source and drain electrodes. The signature of the electrically induced magnetic switching on these transient currents is investigated. Our simulations show that the magnetic switching of the molecular spin can be read indirectly from the transient currents if one lead is magnetic and it is much faster if the leads have opposite spin polarizations. We identify effects of the transverse anisotropy on the dynamics of molecular states.
Introduction
Magnetic clusters and single-molecule magnets (SMM) are optimally suited to host spin manipulation schemes, and may therefore provide important steps in organic spintronics [1, 2] . Transport properties of individual SMMs weakly coupled to gold electrodes have already been studied in various experiments. It was systematically confirmed that these systems display Coulomb blockade, sequential tunneling or negative differential resistance [3, 4] . Kondo features were also investigated [5, 6] . Electronic spins tunneling through the orbitals interact via the exchange coupling with the localized molecular spin. This opens the way to electrical switching of molecular spins [7] . Notably, spin polarized STM tips [8] can be used to measure spin-polarized transport. Moreover, SMMs or adatoms whose contacts are switched on and off by varying the substrate-tip spacing [9, 10] or by bending break junctions [11] are currently being investigated. Transient currents arising when a molecular tail couples to an STM tip were also recorded [12] .
On the theoretical side the magnetic interactions in SMMs are conveniently described by effective Hamiltonians while the transport properties were mostly investigated within the steady-state rate-equation approach. Timm and Elste [13, 14] derived the differential conductance of SMM and emphasized different transport regimes displaying spin amplification and negative differential conductance. Misiorny and Barnaś [15, 16] studied transport with ferromagnetic leads. Memristive properties of SMM were also investigated [17] . An important outcome of these studies is that the current induced magnetic switching (CIMS) becomes possible as the system overcomes the anisotropy barrier DS 
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j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / s u p e r l a t t i c e s magnetic switching requires the transient occupation of intermediate (excited) molecular states whose total spin scans all half-integer and integer values in the range ½ÀS; S, where S the molecular spin.
In this work we initiate a theoretical study of time-dependent transport properties of SMM, the main focus is on the signatures of magnetic switching in the transient currents and on the time needed to perform the full magnetic switching. The paper is organized as follows: Section 2 introduces the model and summarizes the GME method, the results are discussed in Section 3; we conclude in Section 4.
Theory
The transport through a molecular system is typically mediated by its unoccupied orbitals which are coupled to source and drain gold-plated electrodes. In this work we consider for simplicity that the current is only due to electrons tunneling to and from the lowest unoccupied molecular orbital (LUMO). The effective Hamiltonian describing a local (molecular) spin S which interacts with an itinerant electronic spin reads as:
where is the (spin degenerate) orbital energy, J is the exchange interaction, D is the easy-axis magnetic anisotropy constant while E accounts for the transverse anisotropy. B is the magnetic field applied along the z-axis. The electron-electron inter- 
where the coefficients C mr AE have an explicit form (see e.g. [13] ). For m ¼ AES the states j1; AESi have a well defined molecular spin. We shall denote by j0; S z i the 'empty' molecular state (EMS) with molecular spin S z and energy E 0;Sz ¼ ÀDS 2 z À gl B BS z . Finally one has also a set of two-particle states fj2; S z ig. The transverse anisotropy term induces mixing of states j0; S z i and
Same selection rule holds for one-particle states. We denote the eigenvalues and eigenfunctions of H M by E i;m and ju i;m i, where i ¼ 0; 1; 2 is the number of electrons on the molecular orbital. The index m corresponds to the ordering of the levels, namely E 0;1 < E 0;2 . . . and similarly for E 1;m .
We remark that if gl B B ( D the tunneling between 'empty' molecular states j0; mi can be neglected if S is half-integer, as the selection rule is verified only for states whose energies are separated by a large gap (e.g. E 0;1=2 and E 0;À3=2 ). In contrast, the transverse anisotropy couples degenerate one-particle states with opposite total spins. The strongest mixing is expected for the pair j1; 1i AE and j1; À1i AE as the off-diagonal matrix element AE h1; 1jH M j1; À1i AE is linear in E. If the ratio E=D increases, mixing effects to second order in E have to also be taken into account and one has the general decompositions
where m is a positive integer. It is not difficult to show that for a given ju 1;m i the total spin numbers m must have the same parity. The full Hamiltonian H M is diagonalized numerically. We find that if the ratio E=D is small enough for each u 1;m there is a single state with total magnetic number m whose weight jc s m;m j 2 in Eq. (3) is by far the most important. Under these conditions the total magnetic quantum number is an 'almost' good quantum number and can still be used to label the states of the full Hamiltonian H M . Then we introduce the simplified notations ju 1;m i % j1; mi s :¼ ju s 1;m i and ju 0;m i % j0; S z i for some S z . For simplicity we model the source and drain electrodes as non-interacting semi-infinite tight-binding chains L and R. We shall denote by q the momentum of an electron propagating along the leads and by t L the hopping energy. The energy dispersion relation on the leads is qr ¼ 2t L cos q þ D r , where D r is the rigid-band spin splitting. The spin polarization in the leads is introduced as
is the spin density of states (DOS) for the majority (minority) electrons in the lead a. We consider equal charge densities in the leads. The bias applied across the molecule is defined as eV ¼ l L À l R , where l l is the chemical potential of the lead l. We introduce two switching functions v l ðtÞ (l ¼ L; R) in order to describe the time-dependent coupling between the molecule and the leads. The explicit form chosen here is v l ðtÞ ¼ 1 À
where the parameter c allows us to control the lead-molecule coupling to be slower or faster. The lead-molecule contact Hamiltonian is written as follows
where V l qr is the tunneling coefficient. Without loss of generality we assume that V l qr does not depend on q and that
The transport properties were investigated using the generalized Master equation approach [18] . 
where we introduced the ''free'' evolution operator of the disconnected system Uðt; sÞ ¼ e ÀiðH M þH L ÞðtÀsÞ= h (H L is the leads' Hamiltonian). The GME is solved numerically with respect to the fully interacting states of H M and we calculate the diagonal elements of the RDO, e.g. P
Similarly one can calculate the total transient currents in the source (L) and drain (R) leads, spin occupation and spin currents.
We do not give all the formal details here and refer to Ref. [18] for a full description of this formalism. It is straightforward to show that the continuity equation leads to J L ðtÞ À J R ðtÞ ¼ P 
Numerical results and discussion
Our simulation were performed for systems described by a molecular spin S ¼ 5=2. The initial state is assumed to be qðt ¼ 0Þ ¼ j0; 5=2ih0; 5=2j which can be selected by applying a small perpendicular magnetic field. The electron-electron repulsion is considered to be strong, i.e. U ) J. In this case the chemical potential of the leads can be chosen such that the two-electron configurations ju 2;m i are pushed above the bias window and do not contribute to transport.
In Fig. 1(a) we collect the spectral properties of the isolated SMM system for S ¼ 5=2 as a function of the dominant magnetic number m. The ratio E=D ¼ 1=25 and B ¼ 0:65 mT; for these parameters the weight of m in Eq. (3) is at least 0.8 for each state. Fig. 1(b) pictures some transitions from the initial EMS j0; Si to neighbor states. The tunneling leads to half-integer 'jumps' of the total magnetic number m. We identify 'forward' processes m ! m À 1=2 (the full line arrows) which contribute to the magnetic switching S ! ÀS and 'backward' processes m ! m þ 1=2 competing the total spin reversal (dashed lines). One can also distinguish between 'absorption' of spin-down electrons from the leads (charging of the molecular orbital along the transitions j0; Si ! j1; S À 1=2i AE ) and tunneling of spin-up electrons from the molecular orbital (i.e. a depletion process associated to the transitions j1; S À 1=2i AE ! j0; S À 1i). Similarly one defines charging and discharging 'backward' processes (see the dashed lines). We studied the transient regime for three spin configurations of the leads. In the simplest setting both leads are non-magnetic (NM), that is P L ¼ P R ¼ 0. A second configuration corresponds to a non-magnetic source electrode while the drain electrode carries only spin-up electrons, i.e. P L ¼ 0;
; we call this setting normal-ferromagnetic (NF). Finally, in the antiparallel (AP) configuration both electrodes are ferromagnetic and have opposite magnetizations, namely the left lead carries spin-down electrons and the right lead spin-up electrons.
In Fig. 2(a) we show the transient current J L in the source (left) electrode for these configurations. The current through the drain (right) electrode J R was also calculated and coincides with J L in the stationary regime. In all settings J L develops a sharp peak at short times which corresponds to the fast charging of the molecular orbital when the contact to the leads is established. One can easily notice qualitative differences between the three configurations. In the non-magnetic (NM) case the steady-state establishes quite rapidly around t ¼ 0:25 ns. The total charge accumulated on the orbital in the stationary regime is Q $ 0:67 with equal spin occupations (see also Fig. 3(a) below) . In the normal-ferromagnetic (NF) configuration J L decreases slowly to zero, while the antiparallel (AP) setting leads to a vanishing current much earlier, at t $ 3 ns. The suppression of transport coincides with the spin-down filling of the molecular orbital (see also Fig. 3(b) and (c)). We have checked that in the NF and AP configurations the system ends up in a single state, namely ju 1;À3 i ¼ j #; À5=2i. No current can flow as long as the right electrode is spin-down polarized.
A natural question is whether the transient current allows one to extract some information on the all-electrical magnetic switching of the molecular spin from j0; 5=2i ! j0; À5=2i. Fig. 2(b) shows the average total spin hS t z i in the NM, NF and AP transport regimes. The non-magnetic setting does not provide any hints on the molecular spin dynamics as hS t z i varies even when J L is stationary. Note also that hS t z i relaxes slowly and, more importantly, settles down to small positive value. When analyzing the non-vanishing populations in the steady state we find equal occupation for states with opposite total spin m (e.g. ju 1;AE3 i and ju AE 1;AE2 i), which means that in this configuration the magnetic switching cannot pe achieved because the 'forward' and 'backward' tunneling processes coexists. Note that a complete magnetic switching requires a large (ideally equal to 1) population for the leftmost state ju 1;À3 i. This condition cannot be achieved unless N " is very small.
The magnetic transition is enhanced in the NF configuration and hS 
Other parameters are as in Fig. 1(a) . Fig. 3 shows the evolution of the total charge Q and spin occupation numbers N r . In Fig. 3 (a) and (b) the spin-up occupation has the fastest dynamics in the 'charging' regime (t < 0:25 ns). This is due to the fact that spin-up electrons can be added on ju AE 1;2 i and ju 1;3 i, while spin-down electrons are not allowed on the latter state. However, since the spin-down tunneling to the right lead is forbidden N # continuosly increases in the NF and AP configurations. In contrast, N " vanishes in the steady state as the SMM settles down to the state u j1;À3i . By looking at the SMM spectrum along with the selection rules for tunneling one would expect that the states are being activated (i.e. populated) according to the sequence ju 
Conclusions
We have implemented the generalized Master equation (GME) method for transport through a single-magnetic molecule coupled to ferromagnetic or nonmagnetic leads and discussed the time-dependent spin transport and molecular spin dynamics. For non-magnetic electrodes the evolution of the total spin S t z cannot be traced back from the transient current. The onset of a steady state transport regime implies neither that all projections of the total spin S t z have been spanned nor that the spin reversal is accomplished. In contrast, the magnetic switching can be read from the transient current if one of the leads is magnetic. In the NF and AP configurations the steady state current vanishes because the orbital is spin-down polarized from the left lead and the drain lead allows only spin-up tunneling. The full magnetic switching coincides with the onset of the steady-state.
Our results show that by measuring the transient current in the antiparallel configuration one can extract the time needed for the system to experience all intermediate molecular state between j0; Si and j0; ÀSi. The analysis of transient currents within the GME method is a meaningful and relevant generalization of previous theoretical work and should provide important insight into molecular spin switching protocols.
